Sericin is a highly hydrophilic protein family acting as the glue in Bombyx mori silk. In order to apply sericin as a wound dressing, a novel sericin film named gel film was prepared by a simple process without using any chemical modifications: sericin solution was gelled with ethanol into a sheet shape and then dried. Infrared analysis revealed that the sericin gel film contained water-stable -sheet networks formed in the gelation step. This structural feature rendered the gel film morphologically stable against swelling and gave it good handling properties in the wet state. The sericin gel film rapidly absorbed water, equilibrating at a water content of about 80%, and exhibited elastic deformation up to a strain of about 25% in the wet state. A culture of mouse fibroblasts on the gel film indicated that it had low cell adhesion properties and no cytotoxicity. These characteristics of sericin gel film suggest its potential as a wound dressing.
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Sericin is a family of Ser-rich silk proteins of silkworms that glues fibroin fibers together to form a robust cocoon. 1, 2) The sericin of Bombyx mori (the domesticated silkworm) has been studied extensively in connection with the industrial use of B. mori silk. 3) Sericin accounts for 20-30 wt% of B. mori cocoon fiber, and is usually removed by degumming during silk processing to improve the luster and texture of the silk. Sericin consists of three major protein components, whose molecular weights are >250, 180, and 100 kDa. 4) The most abundant component is the largest one, of >250 kDa, which corresponds to the Ser1C protein encoded by the Ser1 gene. 4) The deduced molecular weight of Ser1C is 331 kDa, and its amino acid composition is unusually rich in hydrophilic amino acids, such as Ser (38.0%), Thr (9.9%), Asn (8.6%), and Asp (6.0%). 5) Such a unique amino acid composition gives sericin a highly hydrophilic nature.
In recent years, it has been found in several studies that sericin might have potential as a wound dressing.
Tsubouchi et al. reported that wounds covered with sericin powder exhibited accelerated wound healing in dogs. 6) Aramwit and Sangcakul reported that sericincontaining cream has a wound-healing effect in rats without causing allergic reactions. 7) It is assumed that the highly hydrophilic nature of sericin contributes to the observed wound healing effect by maintaining a moist environment and absorbing excess exudate from wounds. The usefulness of sericin as a film wound dressing was also suggested by Tsubouchi et al.: the incorporation of sericin in fibroin films, whose availability as a wound dressing has been examined, 8, 9) improved the flexibility of the films. 10) For wound dressings, flexibility is an important factor to enable close and soft contact with the skin. Hence, these previous studies strongly suggest that a sericin-derived film material might be a promising candidate for a wound dressing role.
Sericin is now widely used as an additive in cosmetics 11, 12) and in cell culture media 13, 14) due to its moisturizing effect and cell protecting action. However, its present applications are very limited to its use in a dissolved state, because water-soluble sericin derived as a waste of silk processing is mainly used. Although native sericin has low water solubility due to its intrinsic nature as a glue protein forming strong intermolecular hydrogen bonds, 15) sericin from waste shows much higher water solubility as a consequence of hydrolytic degradation during degumming. To use water-soluble sericin as a film material, it must be cross-linked for insolubilization, [16] [17] [18] [19] but such chemical modifications can impair native characteristics of sericin and cause serious toxicity problems due to residual chemicals in medical applications. In contrast, the authors and colleagues have been using intact sericin at its native molecular weight, obtained from a fibroin-deficient B. mori strain named Sericin Hope. 20) The larvae of Sericin Hope spin fiber comprising sericin exclusively, which makes it possible to obtain sericin in an intact state without hydrolytic degradation: harsh treatment to elute sericin from the fibroin fibers 21) are unnecessary. Using this intact sericin, we have succeeded in preparing a cast film 4) and a hydrogel 22) without chemical modifications such as cross-linking. Nonetheless, these materials do not necessarily exhibit suitable properties for wound dressing applications, because the cast film becomes fragile when wetted and the hydrogel lacks mechanical strength for easy handling. Hence we focused on the technique of processing hydrogel proposed by Takezawa et al., which was employed to improve the mechanical weakness of collagen hydrogel. 23) They found that collagen hydrogel can be transformed into a thin, transparent, film-like hydrogel material with enhanced mechanical strength by a simple process: collagen hydrogel was dried once and then rehydrated.
In this study, we applied this processing technique to sericin and succeeded in obtaining a novel sericin film material named gel film simply by drying a sheet-shaped sericin hydrogel. The resulting sericin gel film exhibited morphological stability against swelling and good handling properties in the wet state, properties not observed in conventionally cast film. The basic characteristics of the sericin gel film, structure, water absorption, mechanical properties, and cell adhesion and proliferation, were investigated. Its potential as a wound dressing is discussed based on the results of these investigations.
Materials and Methods
Materials. All chemicals used in this study were of reagent grade and were used as received. Cocoon shells of the Sericin Hope silkworm, stored at 2-10 C until use, were used as the sericin source.
Preparation of sericin gel film. An aqueous solution of intact sericin was prepared by a previously described procedure, with some modifications. 4) The Sericin Hope cocoon shells were dissolved in 8 M LiBr aqueous solution at 5 w/v% concentration at 35 C with stirring for 5 h. Sericin tends to aggregate at acidic pH because its isoelectric point is about 4. 24) To prevent aggregation of sericin in subsequent dialysis, a one-fourth volume of 0.5 M Gly-NaOH buffer (pH 9) was added to render the solution slightly basic (pH 7.5-8.0). After centrifugation (9;500 Â g, 5 min, 4 C), the supernatant was dialyzed using a membrane (Spectra/Por MWCO 12,000-14,000; Spectrum Laboratories, Rancho Dominguez, CA) against deionized water, and then against 0.1 mM sodium carbonate buffer (pH 8.8-9.2). Dialysis against this dilute buffer prevents irreversible aggregation of sericin by maintaining the pH of the solution at about 7.5 during dialysis. The dialyzed solution was centrifuged (9;500 Â g, 60 min, 4 C) to remove precipitates, and then the sericin concentration of the supernatant was estimated by measuring the residual weight of the solution after it was heated to 180 C in nitrogen flow (200 ml/min) at a heating rate of 10 C/min using a thermogravimetric apparatus (Thermo plus TG8120; Rigaku, Tokyo). The concentration of the supernatant, about 1.2 wt%, was then adjusted to 1.0 wt% with deionized water. To the intact sericin solution prepared as described above, a one-tenth volume of ethanol was added slowly with stirring at room temperature. The mixed solution was centrifuged (9;500 Â g, 5 min, 4 C) to remove insoluble residues: Then the supernatant was poured into a mold fabricated of two acrylic plates (12 Â 10 cm 2 ) and a 5-mm-thick silicone rubber spacer. The mold containing the sericin-ethanol mixed solution was left overnight at 4 C for gelation. The resulting 5-mm-thick hydrogel was dried overnight at 25 C on an acrylic plate and then wetted with deionized water. The resulting wet sericin gel film was peeled off and stored at 4 C in 70% ethanol until use.
Preparation of sericin cast film. Intact sericin solution (1.0 wt%), prepared as described above, was cast on an acrylic plate at 0.2 ml/cm 2 volume followed by drying overnight at 25 C. The resulting sericin cast film was stored in a desiccator until use.
FTIR analysis. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra were obtained at room temperature using an infrared spectrometer (Herschel FT/IR-350; Jasco, Tokyo) equipped with a single-reflection diamond ATR attachment (DuraSamplIR II; SensIR Technologies, Danbury, CT) at a resolution of 4 cm À1 . Sericin gel film was thoroughly equilibrated with deionized water at 4 C and then dried at 25 C before measurement. All samples and backgrounds were scanned 64 times. Spectral analyses were performed using software (Spectra Manager; Jasco).
Water content measurement. The sericin gel film was thoroughly equilibrated with deionized water at 4 C and punched into 5-mm-diameter discs using a biopsy punch (Kai Industries, Gifu, Japan). The discs were dried at 25 C and then immersed in 1 ml of deionized water for given periods of time. The amount of water in the sericin gel film was measured after gentle wiping of residual water using a thermogravimetric apparatus (Thermo plus TG8120; Rigaku) in nitrogen flow (200 ml/min) from room temperature to 180 C at a heating rate of 10 C/min. Water content was calculated using the following equation:
where W H 2 O is the amount of water in the gel film measured by thermogravimetric analysis, and W i is the initial weight of the gel film before measurement.
Mechanical testing. The tensile properties of sericin gel film were investigated using a tensile testing machine (EZ test; Shimadzu, Kyoto, Japan) with a 10 N load cell. The gel film was equilibrated thoroughly using deionized water at 4 C and cut into a dumbbell shape (2 mm in width, 12 mm in gauge length). A subset of the specimens was dried at 25 C. The stress-strain curves of the wet and dry gel films were measured at room temperature at a constant cross-head speed of 12 mm/min. The tensile strain was calculated from the ratio of the increment of the length between clamps to the initial gauge length. The tensile stress was determined by dividing the tensile load by the initial cross section.
To measure the tensile property after stretching, wet sericin gel film (40 Â 30 mm 2 ) was attached to a manual stretching machine (Imoto Machinery, Kyoto, Japan) with a gauge length of 30 mm, and stretched to strains of 50%, 100%, and 150% at a crosshead speed of about 30 mm/min. The stretched gel films were dried at room temperature for more than 2 h without being removed from the stretching machine and further dried overnight at 25 C after removal from the machine. The stretched gel films were equilibrated thoroughly using deionized water at 4 C, cut into the dumbbell shape, and tested as described above.
Cell adhesion and proliferation tests. Samples were prepared as follows: The sericin-ethanol mixed solution was prepared as described above, and 200 ml of the mixed solution was poured into each well of a 48-well cell culture plate (Nunclon Delta Surface; Nunc, Roskilde, Denmark). The plate was stored overnight at 4 C for gelation, then dried at 25 C. Uncoated wells were used as controls. In proliferation tests, the wells were further treated with 70% ethanol for sterilization. All samples were immersed in phosphate buffered saline (PBS, pH 7.4) for at least 1 h before testing.
A mouse fibroblast cell line, Balb/3T3, provided by the Riken Cell Bank, was used in the tests. Cells were subcultured in Eagle's MEM medium (MEM; Nissui Pharmaceutical, Tokyo) with 10% fetal bovine serum (FBS; Gibco-Invitrogen, Carlsbad, CA) at 37 C with 5% CO 2 .
For cell adhesion tests, a cell suspension was prepared from the subcultured cells by trypsin treatment. For the serum-free condition, the cell suspension was washed with MEM in the absence of serum. The cell density of the cell suspension was adjusted to 1:1 Â 10 5 cells/ml, and 500 ml of the cell suspension was added to each well. The initial cell density for the cell adhesion tests was 5 Â 10 4 cells/cm 2 . After 2 h of incubation at 37 C with 5% CO 2 , the wells were washed twice with PBS to remove unadhered cells; then 0.5% Triton X-100/PBS solution was added to each well for cell counting by lactate dehydrogenase (LDH) activity. 25) The LDH activity of the dissolved solution was measured using the kinetics of NADH-consuming reactions at 340 nm absorbance. The cell number was determined using a calibration between the cell number and LDH activity.
For the cell proliferation test, the cell density of the cell suspension was adjusted at 1:1 Â 10 4 cells/ml, and 500 ml of the cell suspension was added to each well. The initial cell density for cell proliferation was 5 Â 10 3 cells/cm 2 . The cells were cultured at 37 C with 5% CO 2 , and the medium was changed after 3 and 5 d. The number of proliferated cells was measured after 1, 3, 5, and 7 d of incubation by the same procedure as in the cell adhesion test. It was verified that the sericin gel film did not dissolve into MEM under 7 d of incubation at 37 C.
Results and Discussion
Preparation and structure of sericin gel film As we have reported, intact sericin solution can be transformed into elastic hydrogel using ethanol as a coagulant. 22) Sericin hydrogels of various shapes can be prepared by changing molds for gelation. We prepared 5-mm-thick sheet-shaped hydrogels (Fig. 1A) . The results showed that a transparent film of sericin was formed by drying the hydrogel on an appropriate substrate such as acrylic. The hydrogel shrank only in its thickness direction during drying. Therefore, the planar dimension of the transparent film was the same as that of the original hydrogel. The resulting film was named sericin gel film, in distinction from the previously reported sericin cast film.
4) The crucial differences between the gel film and the cast film are in the preparation methods: gel film is prepared via gelation steps, whereas cast film is prepared directly from solution. The sericin gel film was difficult to peel off from the substrate due to its brittleness in the dry state. It became flexible and was easily peeled off from the substrate when wetted. We thus obtained 0.20 to 0.25-mm-thick flexible and transparent wet gel films made exclusively of sericin (Fig. 1B) . The gel film thickness was easily controlled by changing the original hydrogel's thickness.
When the dry sericin gel film was wetted, its planar dimension remained unchanged and its thickness increased abount 5-fold. In the wet state, the gel film exhibited sufficient mechanical strength for easy han- dling. These gel film characteristics contrast greatly to those of the sericin cast film. When wetted, the cast film became fragile because of its large deformation, that is, its planar dimension increased about 4-fold. Gelation apparently plays a crucial role in generating these differences.
The ATR-FTIR spectra of the sericin gel film and the cast film, both in the dry state, were measured to investigate their structures. They are shown in Fig. 2 . The characteristic amide absorption bands of protein, amide I (1710-1590 cm À1 ), II (1570-1480 cm À1 ), and III (1270-1200 cm À1 ), were clearly observed. More detailed assignments of the infrared bands of sericin are described elsewhere. 4) Differences in peak shapes between the gel film and the cast film were observed for these amide absorptions, indicating that sericin molecules form different secondary structures in these films. In particular, amide I absorption, which primarily represents the C=O stretching vibration of the amide group and is the most sensitive to protein secondary structure, 26) exhibited remarkable a difference. The amide I peak tops of the gel film and the cast film were at 1614 and 1639 cm À1 respectively. The amide C=O bonds involved in different secondary structures absorb infrared radiation of different wavenumbers. Therefore, the major secondary structure contained in the protein can be estimated from the amide I peak position. Infrared absorption from the -helix, the -sheet, and the random coil is usually observed at about 1655, 1630, and 1645 cm À1 respectively. 26, 27) Consequently, it can be estimated that the sericin cast film was rich in random coil structure. It is reasonable to conclude that this random-coil-rich structure is responsible for the large deformation observed in the cast film upon wetting, because water molecules can easily intrude into the loosely interacting random coil region. Absorption at lower wavenumbers of 1625-1610 cm À1 is often observed in solvent and thermally denatured proteins, 28, 29) and is attributable to extended chains forming strong intermolecular hydrogen bonds. 26, 27) Hence we attributed the strong absorption at 1614 cm À1 observed in the sericin gel film to the intermolecular -sheet structure. We have proposed that the network structure constructed by intermolecular -sheets is formed during gelation of an intact sericin solution. 22) Such structural characteristics, forming an intermolecular hydrogen-bonded structure, probably arise from the intrinsic nature of sericin, stabilizing its solid structure in the cocoon. 15) Strong absorption of intermolecular -sheets was similarly observed at 1616 cm À1 for the wet gel film (data not shown), indicating that the intermolecular -sheets were not destroyed by the intrusion of water molecules. This robust character is consistent with a previous observation by solid-state nuclear magnetic resonance (NMR) analysis indicating that the -sheet region in sericin remains rigid after hydration. 15) Hence we inferred that the gel film contained water-stable networks of intermolecular -sheets formed at the gelation step. The flexible nature of the wet gel film results from hydration of sericin chains in the remaining random coil region. The existence of a water-stable network structure explains why the gel film exhibited little deformation upon wetting and good handling properties in the wet state. The increased thickness of the gel film upon wetting can be considered to represent a recovery of network shrinkage in the thickness direction during hydrogel drying. However, the gel film thickness was much less than that of the original hydrogel, indicating that structural changes occurred during drying. We infer that a loss of hydrated water might engender an increase in interaction among sericin chains, and that the network linkage might become denser.
Water absorption
Sericin contains many hydrophilic amino acids, including Ser. The sericin gel film was therefore expected to absorb a large amount of water. Water absorption is an important factor in a wound dressing for maintaining a moist environment and removing excess exudate from wounds. Figure 3 depicts the water contents in the gel film after immersion in water for given periods of time. The water content in the dry gel film before immersion was about 8%. It swelled rapidly and equilibrated at a water content of about 80% within 3 min when the dry gel film was immersed in water. The observed rapid water absorption and high water content indicated the highly hydrophilic nature of the gel film.
Mechanical properties
In wound dressing applications, the mechanical properties of the materials are of great importance, especially in the wet state, because wound dressing materials are mostly used in wet environments. In particular, elasticity that can follow the movement of body is required. Figure 4A and B respectively depict stress-strain curves of sericin gel film in the dry and the wet states. The dry gel film was brittle and exhibited elongation to about 6% with a maximum stress of about 60 MPa at breakage. In contrast, the wet gel film was flexible and exhibited much larger elongation, up to about 400%, with maximum stress up to about 0.9 MPa at breakage. These results show that the mechanical properties of the gel film were largely dependent on the presence of water, and that water molecules acted as a plasticizer, decreasing interaction among the sericin chains.
The wet sericin gel film exhibited a linear increase in stress against strain in the strain region up to about 25% (Fig. 4B) , which indicates that the gel film was elastically elongated in this initial strain region. This elastic property in the low strain was probably responsible for good handling properties of the gel film in the wet state. From about 25% strain, mild yielding was observed, in which the gel film began to elongate plastically. In a previous report, it was found that molecules in sericin cast film can be uniaxially oriented by stretching, and that the tensile strength of the film increased after stretching. 4) Hence it is expected that the mechanical properties of sericin gel film can further be improved by stretching. Figure 5 shows the stress-strain curves of the wet sericin gel film before and after stretching to strains of 50%, 100%, and 150%. It is apparent that the shape of the curves differs according to the ratio of the stretching. The yield point, which was observed at strains of about 25-30% for the original gel film, shifted gradually to the higher strain region along with increases in the stretching ratio. In particular, the gel film stretched to a strain of 150% exhibited no obvious yield point (Fig. 5D) . The breaking strain and breaking stress demonstrated tendencies to decrease and increase respectively along with increases in the stretching ratio.
The stretched sericin gel films experienced plastic elongation, which the original gel film exhibited after yielding. It was assumed that breaking of weak hydrogen bonds followed by alignment of sericin chains in the stretching direction occurred in the region of plastic elongation, which might lead to the formation of additional intermolecular hydrogen bonds among the aligned sericin chains. We infer that the breaking and regeneration of hydrogen bonds along with stretching is one reason the stretched gel film exhibited enhanced elastic properties with smaller elongation and larger breaking stress. As mentioned above, the tensile strength of the sericin cast film increased as a result of molecular orientation induced by stretching. 4) It was found that intermolecular interactions among extended chains are the key to generating molecular orientation. FTIR analyses revealed that the gel film is rich in intermolecular -sheet structure ( Fig. 2A) . Hence, it was expected that molecular orientation of the sericin molecules would occur during stretching. As expected, molecular orientation was observed for the stretched gel film by polarized ATR-FTIR analysis (data not shown). Therefore, the observed increase of the maximum stress at breakage by stretching is attributable to molecular orientation.
Cell adhesion and proliferation
In order to clarify cellular behavior in the sericin gel film, which is a crucial issue for biomaterials, including wound dressings, we tested cell adhesion and proliferation on the gel film using mouse fibroblasts, Balb/3T3, and compared them with those in a typical cell culture dish. Figure 6 shows the number of fibroblasts adhering to the sericin gel film in the absence and the presence of serum after 2 h of incubation. The number of adhered fibroblasts on the gel film is significantly lower than that on the cell culture dish, irrespective of the absence or presence of serum. In particular, almost no fibroblast adhered to the gel film under serum-free conditions. On the other hand, the number of adhering fibroblasts greatly increased in the presence of serum, to about half of those in the cell culture dish.
Cell adhesion on hydrophilic surfaces is known to be low. 25) For this reason, the hydrophilic character of the sericin gel film surface might explain its remarkably low cell adhesion under serum-free conditions. We assumed that a molecular diffusion layer that formed on the hydrophilic surface of the gel film, where hydrophilic sericin chains are supposed to be highly hydrated and diffused on a solid-liquid interface, prevented direct interaction with the cells. The observed increase in cell adhesion in the presence of serum might be explained as resulting from the entrapment of serum proteins, such as fibronectin and vitronectin, in the diffusion layer. This serum-dependent cell adhesion behavior probably corresponds to previous observations that sericin exhibited cell adhesion as high as that of collagen in the presence of serum, 30, 31) although direct comparison is difficult due to differences in experimental conditions, including sample preparation methods and cell types. Our results, obtained in the above serum-free experiments, indicate that sericin is intrinsically anti-adhesive, at least for Balb/3T3 cells. Since no attempt has been made to clarify the mechanism of interaction between the surfaces of sericin materials and cells, the surface properties of sericin materials must be investigated in greater detail to determine the interaction.
The proliferation of fibroblasts on the sericin gel film was also investigated for 7 d in the presence of serum, and was compared with that in the cell culture dish. The gel film proliferation reflected typical cell growth (data not shown). Doubling times at the logarithmic growth phase were estimated to be 23.1 and 20.7 h respectively for the gel film and the cell culture dish, indicating that cell growth on the gel film was comparable to that in the cell culture dish. This result indicates that the gel film had no cytotoxicity.
The present study demonstrated the preparation of gel film made exclusively of B. mori silk sericin by drying sericin hydrogel derived from intact sericin. The basic characteristics of the sericin gel film were investigated to evaluate its potential as a wound dressing. The structure of the gel film was analyzed by infrared analysis, indicating that it contains a water-stable network of intermolecular -sheets formed during the gelation process. This structural characteristic of sericin gel film is considered to generate its physical properties, such as morphological stability against swelling and good handling properties in the wet state. Sericin gel film was found to exhibit rapid water absorption, and its equilibrium water content reached about 80% (Fig. 3) . This value is as high as those of previously reported natural polymer-based wound dressings. [32] [33] [34] [35] [36] The flexibility of sericin gel film in the wet state is a significant advantage in application of it as a wound dressing: the gel film can be easily handled by forceps or hands, cut into any shape using knives or scissors, and attached to curved surfaces. This property is explained by the existence of an elastic region in the stress-strain curve of the gel film (Fig. 4) . Moreover, its elastic properties can further be enhanced by stretching (Fig. 5) . Such highly elastic film material might be useful for covering wounds at moving parts, such as joints. It is noteworthy that these properties of sericin gel film were achieved by physical intermolecular interactions among sericin molecules alone, whereas previously reported natural polymer-based materials generally employ chemical modifications, such as cross-linking or grafting. [32] [33] [34] [35] [36] This feature of sericin gel film has great significance in its application as a wound dressing because the toxicity problem caused by residual chemicals does not need to be considered. In fact, cell proliferation tests indicated that the sericin gel film showed no cytotoxicity. In addition, it was found that the gel film exhibited low cell adhesion (Fig. 6 ), which might also be an advantage in a wound dressing because strong cell adhesion might cause destruction of regenerated tissues when the dressing is peeled off. Although increases in cell adhesion were observed in the presence of serum, it is assumed that cells do not adhere strongly to the gel film because there are only secondary interactions, mediated by the serum components. The optical transparency of the sericin gel film might be an additional advantage in a wound dressing, in that it enables direct observation of wounds.
